Abstract. Evidence obtained using recombinant inbred and congenic mouse strains has shown that the PC8 locus responsible for determining a marker on a single K chain in inbred mice is linked to the Ly-2,3 locus on chromosome 6. The upper limit of the map distance between these loci is approximately three centimorgans. This finding is discussed in relation to other known light-chain variants that are associated with the Ly-2,3 locus.
Introduction
In a previous paper (Claflin 1976a ), a genetic marker was identified in the light (L) chain of antibody of a predominant idiotype in the response to phosphocholine (PC) in mice. The marker, designated PC8 [formerly designated KPC8 (Claflin 1976a) ], is located in the x chain in those anti-PC antibodies which show the same functional and idiotypic characteristics as a PC-binding myeloma protein, HOPC 8 (H8; Claflin 1976b) . By analytical isoelectric focusing (IEF), two phenotypes were observed: PC8-A (reference strain, AKR/J) and PC8-B (reference strain, C57L/J). Light chains from other idiotypically identical anti-PC antibodies cofocus, supporting the idea that the PC8 marker resides in the variable, rather than the constant region (Claflin 1976a) .
In the initial study, the strain distribution pattern of the PC8 phenotypes suggested a genetic relationship with the gene(s) that determine the Ly-2,3 lymphocyte antigens. The Ly-2 and Ly-3 alloantigens are part of a glycoprotein complex (Durda and Gottlieb 1976 ) expressed on the surface of thymus-derived suppressor (Jandinski et al. 1976 ) and cytotoxic (Cantor and Boyse 1975) lymphocytes. Since genetic (Itakura et al. 1972) and structural (Durda and Gottlieb 1976 ) data show that Ly-2 and Ly-3 antigens probably reside on a single protein, we will refer to a single locus, Ly-2,3, controlling specificities Ly-2 and Ly-3. The genetic locus is found on chromosome 6 (Itakura et al. 1972) . Because PC8 is a marker on an L chain derived from what appears to be a single clonotype (Claflin 1976b) , and since the phenotypic differences are readily identified, we were able to establish whether a relationship existed between genes controlling expression of Ly-3 alloantigens and mouse L chains. In the present investigation, recombinant inbred (RI) and congenic 380 J.L. Claflin et al. lines of mice are used to demonstrate close linkage between the light chain IEF marker and the Ly-2,3 locus.
Materials and Methods
Mice. Inbred mouse strains were obtained from the Jackson Laboratory, Bar Harbor, Maine. The AKXL RI strains of mice were developed by Taylor from successive brother-sister inbreeding from the F 2 generation of the AKR/J • C57L/J cross (Taylor and Meier 1976) . Certain of the RI strains are reproducing poorly and, therefore, progeny of the outcross to C57L/J were analyzed. These included (C57L/J • AKXL-16)FI, (C57L/J • AKXL-28)F~, and (C57L/J • AKXL-29)F r Two Ly-2,3 congenic strains, both on the C57BL/6 background, were used. The B6.PL-Ly-2a,Ly 3 a congenic strain was developed by Cherry, who introduced the Ly-2a,3 a allele of strain PL/J (detected in antibodymediated cytotoxicity assays) onto the C57BL/6J background. At N'I 1 some backcross mice were sib mated and Ly-2a,3 a homozygous progeny were mated to form the congenic strain. Other Nil mice were mated to C57BL/6J to continue the backcross regimen, and mice of the 23rd backcross generation (N24) were also studied. The other congenic strain, B6.RF-Ly-2a,Ly-3a/Boy (Boyse et al. 1971) , was a generous gift of Dr. E.A. Boyse of the Sloan-Kettering Cancer Center, New York. LT/Sv is an RI strain from the cross C58 • BALB/c and HP/Ei is an RI strain developed from the cross AKR/J • C57BL/6J (Taylor, unpublished data) .
Antisera. Mouse IgCu allotypes a 1 and a 2 were detected with C57BL/6 anti-BALB/c and BALB/c anti-C57B1/6 antisera, respectively. The antisera were produced by immunization with washed pertussis anti-pertussis agglutinates (Potter and Lieberman 1967) . Typing for a 1 and a 2 determinants was determined by micro-Ouchterlony immunodiffusion. Mice of the AKXL lines were typed for H-2 (lymph nodes) and 3 (thymocytes) by a ~lCr-release antibody-mediated cytotoxic assay (Snell et al. 1971) . The alloantisera used are listed in Table 1 . All were operationally monospecific in the AKXL system except for AS-523, which was absorbed with thymocytes of strain C57L to remove a minor unidentified specificity.
Purification of Anti-PC Antibodies. Antisera were obtained from mice 4 and 6 days after each of 2 biweekly injections of 108 heat-killed (56~ 60 minutes) Streptococcus pneumoniae strain R36A (Claflin and Davie 1974) . Serum from successive bleedings of 4-7 mice (inbred strains) or individual mice (FI) were pooled and anti-PC antibodies purified by affinity chromatography as previously described (Claflin 1976b) . Sera from BSVS mice were obtained from Dr. Briles, Washington University School of Medicine, St. Louis. In some experiments, anti-PC antibodies were purified from sera obtained 5-8 days after the second biweekly injection of PC-keyhole limpet hemocyanin (KLH) (5 moles PC/100,000 dalton M.W. KLH).
Isoelectric Focusing of Light Chains. Antibodies were completely reduced and alkylated and then isofocused as previously described (Claflin 1976a (Claflin 1976a) , and the corresponding genotypes are referred to as PC8 a and PC8 b. Deliberate mixing of antibodies from both phenotypes in different ratios showed that we could detect both phenotypes when one was present in as little as 1/20 the concentration of the other.
Results
The original publication (Claflin 1976a) presented the PC8 phenotypes of 17 inbred strains. Since that publication, three additional strains--BSVS, NZB/B1NJ, and SWR/J, all Ly-3.2--have been immunized with the T-independent antigen R36A and typed as PC8-B. In crosses C58/J • C57L/J, AKR/J • SWR/J, and C58/J • SWR/J, there was codominant expression of PC8 phenotypes but, as observed previously with (AKR/J • C57L/J)F~ mice (Claflin 1976a) , the PC8-A bands in each case were much more prominent than PC8-B bands. Additional studies have been conducted on anti-PC antibodies obtained after immunization with the T-dependent antigen PC-KLH (Quintans and Cosenza 1976) , which stimulated IgG as well as IgM anti-PC antibody (Claflin and Cubberley, unpublished data) . Of 16 inbred strains typed for PC8, all gave the same typing as previously seen when R36A was used as immunogen. However, in the same four F 1 combinations described above, codominant expression of PC8 alleles was associated with equal representation of parental phenotypes (as determined by band density). Thus, under conditions of stronger stimulation and T-cell helper activity, clonal dominance of PC8-A was overcome.
In no instance have we observed both phenotypes in any inbred strain, even though we deliberately overloaded the gel in order to examine for hidden genes. Thus, the distribution of the PC8-A or PC8-B marker in 20 different inbred mouse strains immunized with R36A is strictly associated with the expression of the Tlymphocyte phenotypic markers Ly-3.1 and Ly-3.2. The availability of RI and congenic mice made it possible to test the Mendelian inheritance of the markers, to establish linkage to the Ly-2,3 locus, and to estimate the upper limit of the distance between PC8 and Ly-2,3.
Examination of the AKXL RI strains provided initial evidence favoring linkage of PC8 and Ly-2,3. As is shown in Table 2 , there was complete concordance of PC8 a with Ly-2a,3 a and PC8 b with Ly-2b,3 b among the 15 AKXL RI strains studied. RI strains HP/Ei and LT/Sv, typed as Ly-2b,3 b, were found to be PC8 b. Ly-2,3 (and PC8) assorted independently of H-2 and lg-1 in the RI strains, as expected (Itakura et al. 1972) .
To confirm the linkage, mice congenic to C57BL/6 but carrying the Ly-2%3 ~ allele of either RF or PL were examined. Both congenics were developed by selecting for the Ly-2a,3 a allele; no screening for other neighboring loci, including x-chain markers, was made. As is shown in Table 2 , H8-like antibodies in both congenic strains were found to have L chains of the PC8-A phenotype. The close linkage was reinforced by the finding that even after 22 backcross generations, the PC8 genotype was still coinherited with Ly-2,3. Of the 11 N24 progeny examined, five exhibited the hybrid PC8 phenotype, indicating that selection for heterozygosity at the Ly-2,3 locus resulted in heterozygosity at the PC8 marker of PL/J.
The question of whether clonal dominance of PC 8-A seen in hybrids immunized with R36A is linked to Ly-2,3 or determined by independent genes can be resolved. All three (C57L • AKXL-28)F~ mice and four (C57L • AKXL-29)F 1 mice which were typed as heterozygotes for PC8 contained H8-1ike L chains that were 382 J.L. Claftin et al. 
All mice were immunized with R36A and purified anti-PC antibodies typed for PC8 b Typing of R! lines, Taylor el al. (1975) ; typing of congenic strains, this paper c N refers to number of crosses to partner strain before inbreeding began; N-I = number of backcross generations to partner strain, C57BL/6 a These are the progeny in the 23rd backcross generation. The heterozygosity of two of five a/b mice is assumed since the A phenotype shows dominant expression. The N23 parent was typed as heterozygous at L y 2,3 predominantly PC8-A. Moreover, in the five B6.PL N24 mice typed as PCSa/PC8 b, dominance is seen, despite the fact that the genetic background is C57BL/6. Thus, clonal dominance is intrinsically associated with PCS, and does not depend on any other segregating genes, such as Ig-1.
Since no recombinants between PC8 and Ly-2,3 were observed, we have no estimate of the recombination frequency. However, the upper limit of the recombination frequency (r) can be calculated from the data on the RI strains and the Ly-2,3 congenics. For the RI strains, the probability of obtaining no recombinants among 17 independently derived lines is [ 1 -4r/(1 + 6r)] 17, where r is the true recombination frequency (Haldane and Waddington 1931) . In the breeding of the Ly-2,3 congenics, there were a total of 41 additional opportunities for recombination, so the probability of no recombination is (1 -oak Multiplying the two probabilities, and setting the product equal to 0.05 and 0.01, provides the upper 95 and 99 percent confidence limits for r, respectively. The results are 0.026 for the former, and 0.042 for the latter. The actual recombination frequency could be much less than these upper limits. The finding of complete concordance between the V k-PC8 marker and Ly-3 specificities among 20 inbred strains indicates that this may be the case.
Discussion
This study extends a previous description of an L-chain genetic marker, PC8, to show that it is inherited in a simple Mendelian fashion and that the locus governing its expression is closely linked to the Ly-2,3 T-lymphocyte surface alloantigen locus on chromosome 6. While the most parsimonious view of the data argues that the PC8 polymorphism reflects variation in the V k library of different strains, it is possible that we are dealing with a regulatory locus for V k gene expression which maps on chromosome 6.
We also show that the clonal dominance of PC8-A, observed when F 1 mice are immunized with the T-independent antigen, R36A, is not observed when a Tdependent antigen is used. Whether this is the result of the activity of T helper cells or of the presence of IgG antibody was not determined. Regardless of the mechanism, this finding demonstrates that, under conditions of perhaps more adequate stimulation, the usual gene dosage effects occur.
Other investigators have identified genetic variability among L chains of different inbred mouse strains. Gottlieb and coworkers have described a genetic marker, called I B, in the V region of a minority of mouse L chains (Edelman and Gottlieb 1970, Gottlieb 1974) . The degree of heterogeneity of L chains possessing the marker has not yet been determined. Structural studies show that the I B peptide, as originally identified, is not a single sequence but at least three different sequences. More recently, Gibson (1976 Gibson ( , 1977 , using the technique of IEF to separate pooled normal mouse chains, has observed variation in the spectrum of L-chain bands in the same inbred strains that are IB-positive. The variants are limited to from three to four bands in a total of about 50 and is, therefore, most likely a V-region, rather than a Cregion marker. With both I B and the IEF variants, expression is closely associated with the Ly-2,3 locus.
To evaluate the significance of PC8, as well as I B and the IEF variants, it is necessary to consider the limitations of the systems described to date. In the first place, structural studies which would prove whether the products of one or multiple genes are being examined are lacking. Analysis of the existing data would argue for the latter. The Gottlieb I B marker is clearly located around the first half-cystine (cys23). But multiple sequences exist in I B, and because this is a region of low variability in mouse K chains (Kabat et al. 1976) , one might expect that I B would be found in more than one V~ subgroup and, determined in turn, by more than one gene (assuming a minimum of one gene for each subgroup). Specifically, sequences from the hexapeptides I c and i o are each found in a minimum of two V~ subgroups (Kabat et al. 1976 , Potter 1977 ). Gibson's IEF variants are multiple and have quite different pIs. This approach is undoubtedly revealing different V~ subgroups. PC8 is a single V~ subgroup whose spectrotypic pattern in the reference strains is the reverse of that seen in the IEF variants that Gibson describes for that pI range. Moreover, as discussed previously, I B cannot represent the PC8 marker without some compensatory charge changes in the reverse direction occurring elsewhere in the V region. PC8 variants can easily be accounted for by a neutral amino acid to histidine or tyrosine to neutral amino acid interchange. Thus, it seems reasonable to conclude that the different approaches are revealing different V~ subgroups, which are clustered together much like mouse V n genes (Riblet et al. 1975, Weigert and Potter 1977) .
A second consideration is the potential problem of identifying alleles at a Vregion locus. The alternative bands associated with the A and B phenotypes could be considered alleles. If this were so, one would expect to find only a few amino acid differences between them. However, the definition of allelism is blurred when one deals with tandemly arranged duplicated genes. For arrangements of this type there is strong evidence for unequal homologous crossovers with accompanying deletions and duplications. For instance, AKR/J hemoglobin possesses two different fl chains, fldmaj and fftmin, while C57L/J possesses a third type, fls. Each of these fl chains differs at multiple amino acid residues from one another (Gilman 1972 , Popp 1973 , Popp and Baileff 1973 . Genes coding for the fl chains map to a single locus, Hbb on chromosome 7, but in crosses between Hbb ~ and Hbb s, Hbb dm~, and Hbb drain behave as a gene doublet allelic to Hbb s.
An accompanying complication is that of regulation of expression of V-gene products. The absence of a V-region phenotype in a strain, such as when an idiotype is recognized in one strain but not others, may be interpreted as aUelic variation, as regulation of expression, or as an example of gene deletion. Such a situation has been encountered for the T I5-M511 idiotype in BALB/c, C57BL/6, and A mice. Serum of BALB/c, but not C57BL/6 or A, mice contains antibody bearing the T15-M511 idiotype (A/He anti-T15), but BALB/c and C57BL/6, not A, possess B cells capable of expressing the T15-M511 idiotype (Cancro et al. 1978) . On the one hand, an IEF polymorphism in the normal pool of L chains occurring within a narrow PI range may represent alleles at a single locus (though not necessarily so), but the existence of an L-chain band (or IB) in one strain and its absence in a corresponding, but nonidentical, position in another strain cannot be so easily explained. Is this an example of deletion or of differential regulation of the same gene or its product?
The data presented in this paper clearly define a locus linked to Ly-2,3 which controls the PC8 marker. However, from the data presently available, it is not possible to establish the nature of the genetic locus controlling this trait. This point has been emphasized by Gottlieb and Durda (1977) . Four major hypotheses exist: (1) PC8 is a polymorphic structural locus coding for the L chains of antibodies in mice idiotypically identical to H8. (2) PC8 is a regulatory gene that controls the expression of H8 L chains. This hypothesis implies that both H8 L-chain genes are present in the genome but only one is expressed. (3) A single L-chain gene exists but an epigenetic (e.g., enzymatic) event modifies the L chain in one strain but not the other. (4) The Ly-2,3 locus codes for V~. This last hypothesis is ruled out by the fact that the Ly-3 surface antigen is a glycoprotein which does not resemble immunoglobulin K chains (Durda and Gottlieb 1976) . The third possibility is also unlikely. A candidate for modification would be sialic acid residues or, possibly, amino acids. But neither serum from mice bearing the alternate phenotype (Claflin 1976a ) nor neuraminidase (Claflin, unpublished data) has any effect on thetrait. It is also difficult to see how post-translational alteration of amino acid side chains would lead to such a minor effect. Moreover, one would anticipate dominance of one phenotype in heterozygotes and this was not observed under conditions of adequate stimulation, i.e., immunization with PC-KLH.
To eliminate or choose one of the remaining two hypotheses is more difficult. The simplest hypothesis is that the PC8 marker reflects structural gene variation in V,. One might expect to find polymorphism in V~ in view of the extensive polymorphism found in V H. The fact that no polymorphism has been found in C~ eliminates for now the possibility of using linkage to C, as one criterion for judging the nature of the PC8 marker. It is difficult to envision a series of regulatory loci, one for each V~ gene or, alternatively, a mechanism whereby a single locus would regulate one of a set of V~ genes. Finally, the fact that no deviation from allelic behavior has been seen in any of 20 inbred strains, 17 RI lines, and two congenic strains supports a structural gene concept. One could argue that a locus adjacent to Ly-2,3 (or in fact, Ly-2,3 itself) operates via a different cell to direct expression (positively or negatively) by a set of B cells bearing certain L chains. The existence of latent allotypes in mice (Bosma and Bosma 1974) and rabbits (Strosberg et al. 1974 , Mudgett et al. 1975 has been reported, and it is possible that our assay was not sufficiently sensitive to detect the latent marker. One might also point to the differential pattern observed in R36A versus PC-KLH-immunized heterozygotes as demonstrating regulation. However, we have no evidence that the dominant expression of PC8-A is related to Ly-2,3. We may have observed a simple clonal dominance phenomenon resulting from the fact that PC8 affects antigen binding properties and/or from the stronger influence on the B-cell pool obtained with using a T-dependent antigen.
In conclusion, one may ask the purpose of being especially critical of a phenomenon which classically would be interpreted as strong evidence for a structural gene locus. In addition to the probable existence of anomalous allotypes and to idiotype regulation in BALB/c, there is preliminary evidence, from hybridization of x-chain cDNA to DNA from mouse-hamster and mouse-human hybrid cell lines, that chromosome 6 may not contain x-chain sequences (Swan and Leinwand, personal communication) . If these data are verified in subsequent experiments, the idea of a regulatory locus must be considered seriously. At present, however, the weight of evidence favors a structural gene locus.
The very close linkage of the kappa locus to the Ly-2,3 T-lymphocyte locus is provocative. It seems unlikely that these loci would be so closely linked solely by coincidence. Close linkage could result from either a functional or an evolutionary relationship. Ly-2,3 antigens are found on the surface of T-effector cells, but not helper T cells (Jandinski et al. 1976) . Immunoglobulin is certainly on B cells and at least the variable region portion may also be present on T cells (Black et al. 1976, Binz and Wigzell 1975) . One model would suggest that T and B cells share variable regions and that Ly-2,3 antigens are composed of constant and variable regions that could function as a receptor. Anti-Ly-2,3 antisera would detect determinants located in the constant region. As discussed previously, Gottlieb could find no evidence that Ly-2,3 antigens from appropriate strains contain the I B marker, as would be expected if V-region sequences were shared (Durda and Gottlieb 1976) . There might be an evolutionary relationship between Ly-2,3 and kappa light chains, such that both evolved by tandem duplication from a common ancestral gene. Given sufficient time, completely distinct functions might evolve, while the close linkage persisted. When sequence data are available for Ly-2,3 antigens, it may be possible to evaluate these ideas. We are currently examining the structure of the PC8 marker and looking for recombinants between PC8 and Ly-2,3 in wild mice which may provide information on these choices.
